The problem of environmentally induced characters in bacteria is important both in theoretical and applied bacteriology. It is of special significance in chemotherapy, particularly as regards the development of sulfonamide and other drug-resistant forms. It is also of fundamental importance because of its bearing on microbic heredity.
A vast amount of literature is available indicating that bacteria and related organisms can become adapted to a wide range of environmental conditions. It is well established that by gradual progressive cultivation of bacteria in media containing increasing amounts of a toxic substance, a tolerant or resistant strain can in most cases be produced. On the other hand very little information is available on some of the fundamental questions which this phenomenon of "adaptation" raises. Can single cell cultures, therefore genetically pure, become adapted to different environments merely by being subjected to them? If so, what are the limits of their adaptive powers? Are the induced characters permanent and transmissible to subsequent generations, or are they of a temporary nature? What is the mechanism of adaptation? Is it a result of the selection to certain individuals occurring in the population, or do the toxic substances act as a direct stimulus upon the hereditary material of the cell, causing a new character or characters to appear? HISTORICAL No references will be made to the literature dealing with inducedcharacters other than that of resistance to drugs and toxic substances, since the experiments presented in this paper are limited to this particular phase. Much of the early work in this field consisted only of recording the adaptive phenomena. Danyz (1900) reported the development of a strain of Bacillus anthracis which would grow in solutions of arsenic five times as concentrated as that in which it would originally grow. Marks (1910) published a similar finding with Salmonella paratyphi.
Jollos (1913) working with paramecia, developed strains resistant to arsenic and noted that these resistant strains reverted to normal after varying lengths of time when cultivated in the absence of the drug. He suggested the term "Daurmodifikation" for these changes and stated that most bacterial variations are of this nature. Effront (1920) was able to develop a strain of beer yeast which possessed a tolerance to arsenic three times that of normal strains. He stated that production of resistant forms depends upon selection. Richet, Bachrach, and Cardot (1922) studied in some detail the acquired toler-ance of lactic acid bacteria for certain metallic poisons. They noted several things: (1) the adaptation was specific; (2) the organisms sometimes underwent other changes; (3) acquired characters once established maintained themselves for a large number of generations. Cardot and Langier (1923) reported work on the adaptation of lactic acid bacteria to potassium chloride. The modification produced was not specific since the resistant organisms also showed an increased resistance to other alkali and alkaline earth salts. The adaptation persisted through thousands of generations in a medium containing no potassium chloride. If the adapted and nonadapted strains were grown together in a medium without potassium chloride, the adapted strain was rapidly and completely eliminated by the other, thus showing selection in living competition. Jungeblut (1923) performed experiments on rendering Vibrio cholerae, Eberthella typhosa, and Shigella dysenteriae resistant to mercuric chloride; pneumococci to optochin; hemolytic streptococei to revanol and trypaflavin; and staphylococei to methylene blue. In many cases the drug fastness was shown to be specific, but in a few cases "cross-fastness" was observed. The resistance to poisons was associated with an alteration in metabolism. Feirer, Meader, and Leonard (1926) reported the development of drug-fast characters in strains of Escherichia coli and Aerobacter aerogenes. Using five germicides commonly used in the treatment of urinary infections, namely, ruercurochrome, formaldehyde, acriflavine, silver nitrate, and hexrylresorcinol, they observed that a high degree of resistance was developed toward all these drugs. The resistant form was showvn to be specific. Meader and Feirer (1926) in a later report state that the resistant strains lost their resistance after five days of cultivation in media containing no toxic substance. The development of strains of bacteria resistant to lysozyme action was reported by Fleming and Allison (1927) . The resistance to lysozyme action wvas not specific in that bacteria made resistant to one tissue was equally resistant to all tissues and secretions. They also acquired resistance to the bacteiicidal power of the blood and to intracellular digestion by leucocytes. Kafpus (1930) reported the development of strains of Escherichia coli resistant to malachite green. A thousandfold increase in resistance was observed. HIe further stated that the ability of an organism to develop in the presence of a poison did not affect its resistance to the killing action of the poisoIl. He postulated that developmental resistance is obtained only if the bacteria are actively growing while under the effect of the disinfectant. Bacterial adaptation to acriflavin was studied by Burke, Ulrich, and Hendrie (1928) . Staphylococcus albus showed increased tolerance for the antiseptic dye after 6 to 8 hours' exposure. This adaptation was temporary and disappeared when the organism was grown on dye-free agar. The increased tolerance was partially specific but not entirely so. Burke and Ulrich (1928) also worked with the adaptation of Staphylococcuts aureus to gentian violet. They considered the changes purely an adaptation to a new environment and in no way associated with changes in the life cycle, dissociation of strains, selection of variant, or mutations.
In 1939 one of the first cases of "sulfonamide-fast" organisms was reported by MacLean, Rogers, and Fleming. They observed that pneumococci in an infected animal treated with 2-sulphanihyl-amino-pyridine can readily establish a tolerance to the drug. Following this report many instances of sulfonamide resistance have been observed and recorded. MacLeod and Daddi (1939) produced a "sulfapyridine-fast" pneumococcus type I, by repeated transfers in broth containing increasing concentrations of the drug. The alteration was not associtted with changes in morphology, virulence, or immunological characteristics. Doudoroff (1940) described the conditions under which adaptation of Escherichia coli to sodium chloride takes place most readily and discussed the various conditions affecting adaptive processes. Harris and Kahn (1940) , working with sulfonamide-resistant organisms, reported that in some organisms the resistance induced by one drug is carried over to related drugs, in others it is not. Lowell, Strauss, and Finland (1940) reported that strains of pneumococci initially susceptible to the bacteriostatic action of sulfapyridine, sulfathiazole, and sulfamethylthiazole were made resistant by growth in media containing increasing concentrations of these drugs. Strains accustomed in this manner to one of the drugs, not only acquired resistance of a high degree to the action of the homologous drug, but also became resistant to the other two chemicals to approximately the same extent. Individual strains varied in the ease with which resistance was acquired. Mulder (1940) reported that sulfapyridineresistant strains developed in vivo. Finland (1941a, 1941b) reported the development of sulfonamide-resistant strains of Escherichia coli and Staphylococcus. That sulfonamide-resistant strains of pneumococci were as sensitive to the action of penicillin as was the non-"sulfa-fast" parent strain was reported by Powell and Jamieson (1942) . Rammelkamp (1942) has noted increased resistance of Staphylococcus to tyrothricin. Vivino and Spink (1942) , McKee and Rake (1942) , and Cooper and Keller (1942) have all reported the development of resistance to sulfonamide by various bacteria. Schmidt, Sesler, and Dettwiler (1942) were able to develop one strain of type I and two strains of type III pneumococci highly resistant to sulfapyridine by serial passage through mice treated with less than curative doses of this drug. Resistance to the drug was retained by these strains for more than 200 passages through untreated mice. Sulfapyridine-resistant forms were also resistant to other sulfonamide derivatives.
The preceding review, although not complete, is sufficient to show that further work on adaptive phenomena is necessary to answer the questions raised in the introduction. It was with these questions in mind that the experiments reported here were undertaken.
MATERIALS AND METHODS
Single cell cultures of Salmonella pullorum, Eberthella typhosa, and Salmonella schotmiilleri were cultivated in plain broth containing increasing concentrations of sodium chloride, mercuric chloride, and copper sulphate until a marked tolerance or resistance to a particular chemical was acquired. Following acquisition of resistance to specific chemicals, single cell cultures were isolated, subcultures of which were transferred to media free of the chemical. These were then tested at approximately thirty-day intervals to determine whether the newly acquired character was transmitted to subsequent generations. Specificity of the resistance was determined by appropriate combinations of resistant strains and chemicals. Morphological and fermentative characters of the resistant strains were observed throughout the work.
Owing to difficulties encountered in the usual method of isolating single cells a modification was developed, which is similar to that used by a number of previous investigators. By means of a Chambers micromanipulator and micropipettes a small drop of bacterial suspension was placed on the underside of a sterile coverslip mounted above a moist chamber. Instead of attempting to remove drops containing single cells, the coverslips possessing such a drop were transferred to previously prepared moist chambers and incubated at 37 C for 24 hours. After incubation the descendants of the single bacterium could easily be obtained with an ordinary inoculating needle. EXPERIMENTAL Adaptation to chemicals. Single cell cultures of Salmonella pullorum, Eberthella typhosa, and Salmonella schotmilleri were transferred to a series of culture tubes containing graded amounts of the various chemicals. The inioculated tubes were incubated at 37 C for 7 days. Tubes showing no turbidity at the end of this period were regarded as being completely inhibited. The highest concentration of chemical permitting growth was thus obtained. Following this preliminary work, transplants from the single cell cultures were grown in media to which was added progressively increasing amounts of the various chemicals. Table 1 shows the concentration of chemicals employed, the time require(l, and the ultimate degree of adaptation. It can be observed that in all cases a marked resistance to the chemicals employed was produced. Following udaptations to sodium chloride, the organisms were capable of growing in concentrations 2 to almost 3 times that which permitted growth of noriadapted cultures. In the case of copper sulfate a fivefold to sixfold increase in tolerance was noted, Ahereas the mercuric-chloride-resistant strains were able to develop in concentrations of mercuric chloride 6 to 12 times as great as that which permitted growth of the original cultures. Further training failed to yield strains of any greater resistance than those described above, although the final degree of resistance attained in all probability depends upon the particular species andl chemicals employed.
To show clearly the differences between the resistant and nonresistant strains, plate counts were made of the two strains following inoculation of both strainis into media containing the highest concentration of chemical permlitting growth of the resistant strains. data for Salmonella pullorum will be presented since results obtained with the other two species are similar. To determine whether three different strains actually existed in regard to chemoresistance, the specificity of the resistant strains was studied. Table 4 presents the data obtained when the three resistant strains of Salmonella pullorum were introduced into media containing a chemical other than that to which they had been adapted. It is seen that a strain resistant to one chemical is no more resistant to the inhibiting action of the other chemicals employed than are the nontrained cultures. It can be assumed, Inheritance of chemoresistance. The heritability of the newly acquired resistant characters was studied by isolating single cell cultures from the various resistant strains, testing these cultures for resistance, transferring them to plain broth, and at regular intervals of time determining their ability to grow in the presence of the particular chemical to which they had been originally adapted. This procedure made certain that a pure resistant culture was obtained, avoiding the presence of dormant nonresistant organisms in cultures on which heredity studies were to be made.
Six single cell cultures were obtained from the salt-resistant strain and three from copper sulphate and mercuric chloride strains of Salmonella pullorum. Table 5 shows the results obtained with representative strains. After 18 months of propagation in plain broth, during which time they had been transferred 55 times, all single cell cultures of resistant strains retained their ability to grow in the pres,ence of the chemical to which they had been adapted. Inasmuch as the 18-month sojourn in plain broth would represent thousands of generations, there can be no doubt as to the inheritance of the resistant characters. 29,000,000
In the case of Eberthella typhosa and Salmonella schotmilleri plate counts were not made. It was simply noted whether growth occurred as judged by turbidity.
Three single cell cultures of each of the resistant strains of these species were propoagated in plain broth for 9 months. During this time they had been transferred ninety times so that the actual number of generations involved is as large or larger than in the case of Salmonella pullorum. The results confirmed those obtained with the resistant strains of Salmonella pullorum in that all of the single cell resistant strains retained their resistance throughout the ninety transfers in plain broth.
A factor which may have contributed to the success of the resistant cultures in maintaining their resistance was the equal ability of the resistant strains to compete with the nonresistant strains in plain broth. In instances where induced characters are reported to have been lost rather soon when removed from the presence of the inducing agent, too frequently this factor has not been checked. If an organism possessing a newly acquired character, even though it were genetic in nature, is not able to compete on an equal basis with the original organism, then even a low rate of reverse mutation would soon give rise to a population composed entirely of the original organisms due to selective action. Fermentative and morphological characters of the resistant strains. Only the fermentative characters of Salmonella pullorum were studied in sufficient detail to warrant any conclusion. The parent strain of Salmonella pullorum coincided with the descriptions in Bergey's manual in respect to its physiological characters. The resistant strains did not in any case differ.
Nor was any marked change observed in cell morphology. In the case of the copper-sulphate-resistant strain of Salmonella pullorum, however, the cells were somewhat elongated.
Mechanism of adaptation. Of theoretical interest is the question of how an organism acquired resistance to growth-inhibiting action of various chemicals and drugs. Use of the single cell technique eliminated the possibility of resistant forms being present in the original cultures, so it must be assumed that the new forms arose from the originial strain in direct response to the action of the chemical, or that they occurred spontaneously and that as a result of selective action produced a resistant strain. In seeking to test the latter theory the following experiment was devised: Tests were made to ascertain the concentration of each of the chemicals in liquefiable solid media which prevented growth of the nonadapted strain, but which allowed the resistant strain to grow. This medium was then heavily seeded with the nonadapted strain. If the original population contained a small number of resistant individuals, they would develop in this medium to the exclusion of nonresistant forms. By appropriate dilutions and controls it was found that normal populations of bacteria did contain a few individuals which were able to grow when plated in agar containing the various chemicals. Table 6 presents the results obtained in this phase of the study. The colonies which developed were transferred to broth containing the highest concentrations of chemical employed, w-here they grew without difficulty. Thus it was established that in the population of a given species of bacteria there are individual cells which possess resistance to a particular chemical, and which by approprate technique can be isolated and a resistant culture obtained without a long period of training.
A possibility which should not be overlooked is that perhaps the resistant forms were not present as such in the original population, but that they were The bacterial variations reported in this paper are best explained by assuming that they are mutations. The specificity and retention of their chemoresistance support this theory. It seems unlikely that they represent phases in the life cycle, in view of their permanency. Furthermore, the large number of drugs to which a species has been reported resistant, to say nothing of other types of variation, would make the number of phases in the life cycle so numerous that this theory becomes untenable.
Single cell cultures of Salmonella pullorum, Eberthella typhosa, and Salmonella schotmilleri were able to adapt themselves to concentrations of sodium chloride, mercuric chloride, and copper sulphate considerably higher than those required to inhibit growth of nonadapted strains.
The resistant strains were specific in their ability to overcome the growthinhibiting properties of each chemical.
Single cell cultures of resistant strains retained their resistance for long periods of time and through numerous transfers. Their permanency and specificity suggest a change in hereditary constitution; thus are probably mutations.
Experiments showed that populations of the bacteria studied contain a few individuals which possess the ability to withstand the action of the chemicals employed without previous contact with the chemical.
In view of the hereditary nature of the changes and their specificity it seems logical to classify them as mutations. Furthermore, the fact that these resistant forms are found in small numbers in normal populations lends further support to this idea. It may be concluded that the adaptation of strains of bacteria to certain adverse environmental conditions probably consists of selecting from the population mutants which possess this resistant character, thus giving rise to a strain composed entirely of resistant individuals.
